the Cluster Ion Spectrometry (CIS) experiment onboard three of the Cluster spacecraft observed velocity-dispersed ion structures (VDIS) as the spacecraft passed from the tail lobes into the plasma sheet boundary layer. These are the first multiple spacecraft observations of the VDIS phenomenon. The Cluster 1 spacecraft (SC1) observed a dispersed ion signature with beamlets and a second structure like that expected to be produced by an echo, while Cluster 3 (SC3) observed much less pronounced structuring a few minutes later. During this same event and over an extended interval the ACE spacecraft observed an interplanetary magnetic field that was directed southward. We have inferred the sources and acceleration mechanisms of the ions in these VDIS observations by following millions of ion trajectories backward and forward in time through time-dependent electric and magnetic fields obtained from a global MHD simulation. ACE data were used as input for the MHD model. We found that almost all of the particles comprising the first (A1) and second (A2) beamlets observed by SC1 had been nonadiabatic earlier in their history, while particles in the A3 beamlet exhibited a combination of adiabatic and nonadiabatic behavior. Beamlet A4 particles were always adiabatic. Moreover, for all of the beamlets the current sheet crossing that took place prior to their detection occurred between x = À13 R E and x = À16 R E in the tail, well earthward of the permanent stochastic ''sea'' from which all of the beamlets originated. Our model does not favor the multiple source scenario suggested by A. Keiling et al. Instead, it indicates that the source regions of the structures are spatially correlated. We have carried out a similar analysis of the SC3 observations. In general, SC3 beamlets have higher k values, partly because of the depolarization of the field lines during these observations. In time forward calculations only a small fraction of ions from SC1 A structures returned to the spacecraft location. ''Echoes'' were more pronounced on SC3. In addition, in our calculations, some particles from SC1 A structures interacted with the current sheet and returned to the SC3 location, at the time when SC3 observed the A structures. When Cluster observations were organized by latitude instead of time, we found that all three Cluster spacecraft seemed to observe the same primary structure that persisted throughout the interval of observation. 
[1] On 14 February 2001 the Cluster Ion Spectrometry (CIS) experiment onboard three of the Cluster spacecraft observed velocity-dispersed ion structures (VDIS) as the spacecraft passed from the tail lobes into the plasma sheet boundary layer. These are the first multiple spacecraft observations of the VDIS phenomenon. The Cluster 1 spacecraft (SC1) observed a dispersed ion signature with beamlets and a second structure like that expected to be produced by an echo, while Cluster 3 (SC3) observed much less pronounced structuring a few minutes later. During this same event and over an extended interval the ACE spacecraft observed an interplanetary magnetic field that was directed southward. We have inferred the sources and acceleration mechanisms of the ions in these VDIS observations by following millions of ion trajectories backward and forward in time through time-dependent electric and magnetic fields obtained from a global MHD simulation. ACE data were used as input for the MHD model. We found that almost all of the particles comprising the first (A1) and second (A2) beamlets observed by SC1 had been nonadiabatic earlier in their history, while particles in the A3 beamlet exhibited a combination of adiabatic and nonadiabatic behavior. Beamlet A4 particles were always adiabatic. Moreover, for all of the beamlets the current sheet crossing that took place prior to their detection occurred between x = À13 R E and x = À16 R E in the tail, well earthward of the permanent stochastic ''sea'' from which all of the beamlets originated. Our model does not favor the multiple source scenario suggested by A. Keiling et al. Instead, it indicates that the source regions of the structures are spatially correlated. We have carried out a similar analysis of the SC3 observations. In general, SC3 beamlets have higher k values, partly because of the depolarization of the field lines during these observations. In time forward calculations only a small fraction of ions from SC1 A structures returned to the spacecraft location. ''Echoes'' were more pronounced on SC3. In addition, in our calculations, some particles from SC1 A structures interacted with the current sheet and returned to the SC3 location, at the time when SC3 observed the A structures. When Cluster observations were organized by latitude instead of time, we found that all three Cluster spacecraft seemed to observe the same primary structure that persisted throughout the interval of observation.
Introduction
[2] Ion structures with dispersed energy signatures are now commonly observed in the plasma sheet boundary layer (PSBL), the region that separates the central plasma sheet from the tail lobes [Scarf et al., 1973; DeCoster and Frank, 1979; Williams, 1981; Eastman et al., 1984 Eastman et al., , 1985 . Earthward and tailward streaming ion beams characterize the PSBL. Using observations from the low-altitude AUR-EOL-3 satellite, Bosqued [1987] found that precipitating ions in the region just equatorward of the polar cap boundary manifested clear energy dispersion with the highest-energy ions occurring at the highest latitudes. They called these velocity-dispersed ion structures (VDIS). At the same time, Takahashi and Hones [1988] found that the PSBL beams observed by ISEE were also dispersed. This clearly indicated that these phenomena were associated with processes taking place near the distant neutral line.
[3] Ashour-Abdalla et al. [1992, 1993] used a new technique called large-scale kinetic simulations (LSK) to evaluate the relationship between the VDIS and the PSBL beams. They launched ions from the plasma mantle, as suggested by Pilipp and Morfill [1978] , and traced their trajectories through empirical magnetic and electric field models. Ions crossing the equatorial current sheet exhibit nonadiabatic behavior and are accelerated by the cross-tail electric field [Büchner and Zelenyi, 1986; Zelenyi et al., 1990] . Ashour-Abdalla et al. [1992] found that the nonadiabatic acceleration of ions in the current sheet acted to separate the ions into two distinct populations: a subset of the ions that were executing Speiser orbits [Speiser, 1965] , were ejected along the magnetic field into the PSBL, where they formed the VDIS; the remainder of ions were trapped in the current sheet. Thus an alternating pattern of trapping and ejection caused the ions to bunch together in the PSBL into ''beamlets,'' packets of ions with approximately the same velocity. Moreover, the reflection of PSBL beams in the ionosphere and subsequent interactions with the current sheet were manifested in ''echoes'' of the original VDIS; these were clearly visible in the precipitating ion profile in the ionosphere. Bosqued et al. [1993] reexamined the AUREOL-3 data and found small-scale structures, including beamlets and secondary structures similar to the echoes.
[4] More recently, Sauvaud et al. [1999] and Sauvaud and Kovrazhkin [2004] carried out a series of event and statistical studies of Interball-Auroral plasma data. These studies found dispersed ion structures in approximately 50% of Interball-Auroral orbits, which the investigators divided into two classes. VDIS were characterized as proton structures that formed during quiet times and during the recovery phase of substorms. Sauvaud et al. [1999] named the second type of dispersed ion structures time of flight dispersed ion structures (TDIS). These are substructures that recur with a time periodicity of 1 -3 min and are most often found during the expansion phase of substorms. While VDIS always have their highest energies at the highest latitudes, the beamlets within the overall VDIS structure exhibit their highest energies when they are first detected, regardless of whether the spacecraft is moving from high to low latitudes or from low to high latitudes. This finding led Sauvaud et al. [1999] and Sauvaud and Kovrazhkin [2004] to argue that TDIS and beamlets within VDIS are time-dependent phenomena.
[5] Recently, Keiling et al. [2004a Keiling et al. [ , 2004b investigated a VDIS event by using observations from the Cluster Ion Spectrometry (CIS) experiment [Rème et al., 2001 ] on three of the Cluster spacecraft. The observations were made when the Cluster spacecraft were near perigee (r $ 5 R E ) and passing from the tail lobes through the PSBL. These are the first multiple spacecraft observations of the VDIS phenomenon. The Cluster 1 spacecraft (SC1) observed a dispersed ion signature with beamlets and a second structure like that expected from an echo, while Cluster 3 (SC3) a few minutes later observed much less structure, but observed two possible echoes of the original VDIS. The investigators noted that VDIS signatures extended above the 30 keV upper limit of the CIS experiment and into the high-energy range (30 -1500 keV) of the Research with Adaptive Particle Imaging Detectors (RAPID) experiment [Wilken et al., 1995] . Keiling et al. [2004a] examined two possible explanations for the Cluster observations. First they considered a spatial solution similar to that determined from the simulations of Ashour-Abdalla et al. [1992, 1993] and noted that the simulations were in qualitative agreement with the observations, but that there were some quantitative differences. For example, the observed beamlets did not produce the same slope nor the same energy-time spectrogram as those obtained from the simulation. Also, the observed beamlets overlapped in energy, while those in the simulation did not. Finally, since the observed VDIS extended to energies >30 keV, Keiling et al. [2004a] questioned whether the cross-magnetosphere electric field was large enough to account for the required acceleration. In their second proposed explanation, the VDIS is formed as a continuous structure in the neutral sheet, but the beamlets embedded in the original VDIS structure are formed by a subsequent time-dependent acceleration with a period of 1 -3 min. Keiling et al. [2004b] reexamined this event and, in light of new observations from the northern hemisphere pass on the same day, proposed a third explanation for beamlet production. In this explanation, beamlets are produced by the transient injection of ions at ''multiple source islands.'' This explanation was similar to that of Sauvaud and Kovrazhkin [2004] .
[6] It is difficult to infer the location of the sources in the distant magnetosphere from events observed by spacecraft near the Earth. One method that has been used for energydispersed events involves creating spectrograms in which the ordinate represents the inverse ion velocity and the abscissa the time. If the slopes of individual beamlets from the primary and secondary structures intersect the 1/v = 0 (infinite energy) ordinate at the same t = t 0 point, the dispersion is assumed to result from the time of flight of the particles along magnetic field lines, from t = t 0 to the spacecraft. These plots can be then be used to obtain rough estimates of the distance to the ion source. This requires the limiting assumption that the particles behave adiabatically. Keiling et al. [2004a] used this technique to estimate that the beamlet structures observed by SC1 came from 11 -22 R E in the tail and that those from SC3 came from 20 -27 R E . The investigators suggest that this indicates the existence of at least two acceleration regions during the 14 February events, one in the distant (x $ À30 R E ) tail, and a secondary acceleration, responsible for beamlet formation, closer to Earth.
[7] In this study we have applied an alternative method to determine the source and acceleration of the ions observed by Cluster on 14 February 2001, in a more realistic and quantitative manner. First we modeled the time-dependent magnetosphere by using a solar wind data-driven global magnetohydrodynamic (MHD) simulation and then calculated particle trajectories through the resulting electric and magnetic fields. We discuss the overall solar wind and magnetospheric conditions that prevailed on 14 February, and our MHD model which used this data as input in section 2. Cluster observations of the VDIS event are also discussed in this section. In section 3, we outline the method used for the particle trajectory calculation method and present the simulation results regarding the sources of the ion signatures at the Cluster 1 and 3 spacecraft. Section 4 uses the multispacecraft nature of the Cluster mission to investigate the relationship between particles observed by SC1 and SC3. Section 5 is devoted to considering the destiny of particles registered at both Cluster spacecraft. We will explore the paradigm that the subsequent structures are necessarily ''echoes'' of the previous ones, and show that complexity of particle dynamics in time-dependent magnetic fields often results in the entanglement of primary and secondary structures. Finally, in section 6 we summarize our findings and discuss our results in the context of the origin of VDIS-type events and the mechanisms producing the fine structures in the magnetosphere.
Observations and Model

Observations
[8] The magnetosphere was highly disturbed during the latter part of 13 February and early on 14 February 2001. Figure 1 shows the auroral electrojet (AE) index between 2000 UT on 13 February and 0600 UT on 14 February. A very large substorm began at $2130 UT and intensified at $2200 UT. A further intensification occurred at $0030 UT. The vertical line corresponds to the time of the Cluster observations; which occurred during the recovery phase of a localized intensification; AE was $350 nT at this time. In fact, during this entire interval AE never dipped below 150 nT.
[9] Figure 2 shows the ACE spacecraft solar wind and interplanetary magnetic field (IMF) observations in geocentric solar ecliptic (GSE) coordinates for the period 2000 UT on 13 February until 0600 UT on 14 February. During this interval ACE was located upstream of the Earth, at x = 237 R E , y = À30 R E , and z = 22 R E . The panels in this plot are, from top to bottom, IMF components, solar wind velocity components, solar wind plasma density, and dynamic pressure. The IMF data show that B z was southward throughout this entire interval. Given this long interval of southward IMF, it is not surprising that the end of 13 February and the beginning of 14 February were very disturbed, as illustrated in Figure 1 . The IMF B x was comparable to the B z component, while the IMF B y was smaller. Solar wind velocity was above average (V x < À500 km s À1 ), and the solar wind observed at ACE reached the Earth $48 min later. The plasma density was approximately 5 cm À3 ; solar wind dynamic pressure held at a steady 2.5 nPa throughout the interval of interest.
[10] During this event the Cluster spacecraft were inbound from the southern lobes and moving toward the plasma sheet $5 R E from the Earth (Figure 3) . Around 0045 UT, Cluster was favorably located in the southern hemisphere ((À2.2, À2.0, À3.4) R E , in GSE coordinates) to detect the ions responsible for the dispersed structures observed at the low altitudes, near the polar cap boundary (ILAT $ À70.5°). At this time the four spacecraft were flying in a nearly straight line configuration (see inserts) and thus entered the PSBL sequentially.
[11] Figure 4 shows energy-time spectrograms from the CIS and RAPID experiments on SC1 and SC3 (adapted from Keiling et al. [2004a] ). CIS data shown in Figure 4 are provided by the Hot Ion Analyzer (HIA/CIS2), which has an angular resolution of 5.6°and an energy range of up to 34 keV. The plasma distributions in the energy range from 30 to 1500 keV for H + are from the RAPID instrument.
[12] SC1 entered the PSBL first at about 0045 UT. A VDIS-like structure with beamlets can be seen in the CIS observations from this time. The VDIS extends from the highest energy observed by CIS (34 keV) down to about 3 keV. Following Keiling et al. [2004a] , we call the four beamlets A1 -A4. There are two additional structures in the SC1 CIS data; Keiling et al. identified these as echoes of A1 and A2 and labeled them B1 and B2. The RAPID data show multiple enhancements in the energetic H + ion flux, especially in the lowest-energy channel ($30-50 keV). At times, the flux in the lowest-energy channel increases by more than an order of magnitude (e.g., 0052 UT). SC3, which trailed SC1 by about 600 km in both the x and z directions, entered the PSBL at 0047 UT, about 2 min after SC1. SC3 also observed a VDIS as it entered the PSBL; however, the indications of beamlets are not nearly as definitive as those in the SC1 data. Keiling et al. [2004a] suggested that the structures labeled A1, A2, and A4 (and possibly A3) may be beamlets. They also suggested that the structures labeled B and C are echoes of the VDIS.
MHD Model
[13] The most straightforward way to investigate the origin and destiny of the ions forming the structures observed by Cluster spacecraft is to trace the trajectories of several hundred thousand H + ions through realistic timedependent electric and magnetic fields. At present, such realistic fields can be obtained only from global MHD models driven by solar wind observations. Our global MHD simulation uses solar wind plasma and IMF input from solar wind monitoring spacecraft, including variations in IMF B x ; the results for the magnetotail are validated by comparing them with in situ observations [e.g., Raeder et al., 1995 El-Alaoui, 2001 ]. The MHD simulation has been used in successfully modeling the magnetotail's particle sources [Ashour-Abdalla et al., 1997 , 2000 , substorm dynamics and localized reconnection [Ashour-Abdalla et al., 1999; 2002] , and the global dynamics of magnetic storms [Berchem et al., 2001] .
[14] Our coupled magnetosphere-ionosphere, threedimensional global MHD code is based on a one-fluid description of the interaction between the solar wind and Earth's magnetosphere [Raeder et al., 1995; Berchem et al., 1998; El-Alaoui, 2001 ]. The thoroughly benchmarked, parallelized production code uses a conservative finite difference method to solve the gas dynamic part of the MHD equations as an initial value problem. The numerical resistivity is so low that anomalous resistivity must be introduced when modeling substorms [Raeder et al., 1995 ]. The ionospheric part of the model takes into account three sources of ionospheric conductance: solar EUV ionization is modeled by using the empirical model of Moen and Brekke [1993] , diffuse auroral precipitation is modeled by assuming strong pitch angle scattering at the inner boundary (3.0 R E ) of the MHD simulation, and the accelerated electron precipitation associated with upward fieldaligned currents is modeled in accordance with the approach of Knight [1973] . We use the empirical relations developed by Robinson et al. [1987] to calculate ionospheric conductances from mean electron energies and energy fluxes. A detailed description of the MHD model is given by Raeder et al. [1998] . We note that in the MHD simulation the total electric field includes convective and resistive terms and is given by E = Àv Â B + hJ, where v is the bulk flow velocity, B is the magnetic field, J is the current density, and h is the resistivity. The resistivity h is proportional to the square of the total current (h = aJ 2 ). The constant a is ), and dynamic pressure (in nPa). The IMF is southward throughout the entire period. determined empirically and is (1. Similar models based on current-driven instabilities have been used successfully in local MHD simulations [Sato and Hayashi, 1979] . To avoid spurious dissipation we include a threshold, which is a function of the local normalized current density. This threshold is calibrated such that explicit resistivity is switched on only at a very few grid points in strong current sheets, and is not applied uniformly over the entire box or to entire smaller regions such as the plasma sheet [Kageyama et al., 1992] .
[15] The dimensions of the simulation box are 25 R E in the sunward direction, 300 R E along the tail, and 60 R E in each transverse direction. With such a large simulation domain, all flows at the external boundaries are in the supermagnetosonic regime, which prevents information from propagating back from the boundaries and affecting physical processes in the simulations. The solar wind magnetic field, density, temperature, and velocity are imposed on the inflow boundary of the simulation box. The simulation uses a large number of grid points (2 Â 10 6 ), and the MHD equations are solved on a stretched Cartesian computational grid to permit a substantially greater grid density in the plasma sheet region. For practical purposes, field data in the MHD simulation are saved with a 1 min resolution to reveal the rapid changes that occur in the magnetosphere during the period under investigation.
[16] The solar wind observations shown in Figure 2 were used as input to the global MHD code. Since the magnetosphere can have a very long memory of past solar wind input, we started our MHD simulation on 13 February at 2000 UT, well before Cluster observations of VDIS. The combination of dipole tilt and finite IMF B x and B y yield a magnetospheric configuration without symmetry planes, which makes displaying the MHD results difficult. In response, we have developed a technique to display the three-dimensional (3-D) plasma sheet configuration in a 2-D presentation [Ashour-Abdalla et al., 2002] . This technique involves defining the plasma sheet as the surface in the magnetotail on which the plasma pressure is maximum and plotting plasma and field parameters on this maximum pressure surface as a 2-D display. Figures 5a and 5b plot the magnetic configuration at 0040 UT on 14 February 2001 and few minutes later at 0046 UT. Two parameters are superimposed in Figure 5a and 5b. The color-coded background gives the north-south component of the magnetic field; warm colors represent northward B z while cold colors represent southward B z . Dark gray indicates the positions where the magnetic field changes sign. The white arrows give the v x and v y components of the bulk velocity. Throughout the entire time interval a complex neutral line is present in the near-Earth tail. Both the B z and the flow direction indicate that, between dawn and midnight, the neutral line is positioned at $x = À30 R E . From midnight to dusk the position of the neutral line is at about x = À50 R E . Throughout this interval the strongest reconnection-driven flows are located in a narrow channel earthward of x = À50 R E for 0 < y < 8 R E with strong earthward flows. A large vortex, which is related to this flow channel, is in the dusk near-Earth tail. On the dawn side of the flow channel the flows have a relatively large dawnward component. These Figure 3b shows the y-z separation of the satellites (in km), and Figure 3c shows the x-z separation of the satellites (in km).
two snapshots characterize the magnetotail configuration throughout the interval of interest. Although the magnetosphere changed throughout the VDIS intervals, the main features of this configuration, namely the shape and location of the x line, remained. However, as we will see below, it is clear that even with the short time between observations, the global magnetospheric dynamics changed sufficiently to influence the properties of beamlet ion trajectories.
Origin of the Ion Structures Observed by Cluster
Methodology
[17] To understand the processes affecting particle dynamics in the magnetotail, it is necessary to go beyond the MHD framework and use a kinetic treatment, since the structures are made up of ions with a pronounced velocity spread [Ashour-Abdalla et al., 1997 El-Alaoui et al., 1998; Parks, 2004] . The global nature of the problem, however, necessitates the use of an approach combining MHD (describing the realistic solar wind magnetosphere interaction) and a kinetic treatment (to grasp the fine details of collisionless particle dynamics).
[18] Because the magnetospheric topology, especially near the magnetopause and the magnetotail current sheet, causes ions to behave nonadiabatically and to violate the conservation of the first adiabatic invariant [Speiser, 1965; Lyons and Speiser, 1982; Chen and Palmadesso, 1986; Zelenyi, 1986, 1989] it is necessary to follow the exact motion of ions. The particles' behavior can be characterized by the k parameter, which is given by
where R c is the field line radius of curvature and r L is the Larmor radius [Büchner and Zelenyi, 1986] . Particles with k < 1 are always nonadiabatic but have quasi-regular dynamics, while particles with 1 < k < 2 are nonadiabatic and also experience chaotic scattering. Particles with 2 < k < 3 are in a transition from chaotic to regular adiabatic behavior [Büchner and Zelenyi, 1989] . Therefore, for each particle we integrated the full equation of motion, dV/dt = qV Â B + qE. Since the minimum grid spacing in the global MHD model is relatively large ($0.25 -0.5 R E ) and the simulation data are saved at 1 min time intervals, we use linear interpolation in both space and time to determine the instantaneous values of the MHD fields on scales smaller than the grid spacing. (Previous studies found linear interpolation to be more than adequate for this purpose [e.g., Ashour-Abdalla et al., 1993; Peroomian, 1994] .) We use a fourth-order Runge-Kutta method to calculate the ion trajectories through the evolving magnetic and electric fields. The time step for the calculation is nominally set at 0.002 times the local ion gyroperiod, with an upper limit imposed to keep the time step from getting too large in weak field regions. This measure ensures that all the particles in the simulation conserve energy (to six significant figures) and that the trajectory is calculated correctly in the model. The exact method for calculating particle trajectories insures that the particles' phase information is preserved, even as they move through nonadiabatic regions. This is of primary importance when resolving the narrow ionospheric loss cone, because even a small deviation in phase would scatter a particle out of the loss cone.
[19] The energy-time spectrograms provided by Cluster/ CIS are the starting points for our calculations. We carried out particle trajectory calculations by using the observed fluxes to create a numerical distribution function. Each observed flux at a given energy and time (=latitude) was converted into a well-sampled distribution of particles, allowing us to preserve the structures in the observed distribution functions in the numerical distribution functions. We multiplied the flux measured by Cluster in each energy-time bin by 1.8 Â 10
À4 to obtain the number of particles to be launched. For each energy range, eight equally spaced pitch angles were considered. Finally, nine phase angles between 0°and 360°were considered. It is necessary to consider a range of phase angles because, in the case of nonadiabatic acceleration, different phase angles can yield different particle trajectories. For each spacecraft, approximately 500,000 H + ion trajectories were run backward in time from the Cluster location. For SC1 we modeled the interval between 0044 UT and 0053 UT.
[20] Ions were collected at virtual detectors: spherical and planar surfaces in the simulation system at which the location, velocity, and time of each particle crossing were recorded. From these data, full particle distributions, moments of the distribution, and other information about the particles were determined.
Source of the Observed Structures
[21] To ascertain the origin of the observed structures we followed the H + ions forming each structure observed by Cluster backward in time through the MHD magnetic and electric fields. Figure 6 shows typical ion trajectories for the structures labeled A1 -A4; they are color coded according to the ion energy at each location. In Figure 6 we have also superimposed magnetic field lines (in black) along the particles' trajectories. The ions gain energy as they move toward Cluster from their tail source. The H + ion in the A1 panel starts moving toward Cluster along open field lines, and crosses onto closed field lines at x $ À30 R E, when the lobe field line on which it is moving reconnects (Figure 6a ). This is clearer for structure A2, where the transition between open and closed field lines is more distinct. The A1 H + ion has its largest k during its last crossing of the current sheet prior to detection; it is, however, always nonadiabatic. For the A2 ion (Figure 6b ), the last crossing of the current sheet prior to detection appears to be adiabatic, but the ion exhibits nonadiabatic behavior soon afterward, around x = À15 R E . The A3 H + ion ( Figure 6c ) is adiabatic during a larger part of its trajectory. The current sheet interactions of the A3 ion that occur between x = À15 R E and x = À20 R E , however, are clearly nonadiabatic. Had we considered only the last crossing of the neutral sheet by these particles, we might have reached erroneous conclusions regarding the nature of acceleration. The whole history of particle motion, including multiple current sheet crossings, should be analyzed. The A4 ion (Figure 6d ), on the other hand, interacts only twice with the current sheet; both interactions are adiabatic. The field lines shown in the four panels of Figure 6 indicate that the magnetic field evolved between the time of the A3 and A4 particle crossings such that the A4 particle was on an open, flux-rope-type field line just before its first current sheet crossing.
[22] To understand the histories of the particles comprising each beamlet, we have plotted in Figure 7 the locations at which the beamlet ions cross the current sheet. For each beamlet we indicated each time an ion crosses the current sheet by a dot; the dots are colored according to the crossing number they represent. Red (''first'' crossing) denotes the current sheet crossing just prior to detection by Cluster. Green, orange, blue, and pink represent current sheet crossing numbers 2, 3, 4, and 5 prior to detection. We note that for each ion, only the last five crossings of the current sheet before detection are shown, and ions in fact can and do cross the current sheet a large number of times. For all of Figure 7 . First five current sheet crossings of all ions traced backward from the SC1 A1 -A4 structures. The red dots show the location of the first crossing of the current sheet in the backward simulation (this corresponds to the last crossing before detection by Cluster). The blue dots show the second crossing backward in time, the orange dots show the third crossing, the green dots show the fourth crossing, and the black dots show the fifth crossing of the current sheet. the beamlets, the last current sheet crossing prior to detection occurs between x = À12 R E and x = À16 R E in the tail. As expected, the last crossing of the current sheet, just before detection, for A1 is furthest from Earth while that for A4 is closest, consistent with the launch of A4 ions from lower latitudes. In addition, the last crossing of A1 ions occurs slightly ($1.5 R E ) dawnward of A4. All of the particles interact with the current sheet at least twice before being detected by Cluster. As highlighted in Figure 6 , the A4 particles cross the current sheet only twice, while the particles making up beamlets A1 -A3 encounter the current sheet repeatedly. For each beamlet the final crossing and the penultimate crossing before detection are fairly well isolated in space, but the earlier crossings overlap a great deal. They tend to be found in a channel which starts near midnight at x < À30 R E , extend toward the Earth and dawn, and end at x $ À15 R E and y $ À8 R E . This corresponds to the region, shown in Figure 5 , of earthward and dawnward flows that lies just earthward of the dawnside neutral line. It is important to emphasize that the particles making up structures A1 -A3 come from a rather small domain in the vicinity of the x line.
[23] Next we evaluated the structures' evolution over time by accumulating the current sheet crossings of ions that formed each beamlet and plotting them as a function of time (Figure 8a ). The vertical axis represents the relative flux of ions (crossing the current sheet) in each beamlet per unit time, normalized to the total number of ions in that beamlet. We used a bin size in time of 15 s, and note that ions can and do cross the current sheet multiple times in this time interval. In our simulations, ions were launched at the time of observation at Cluster, and followed backward to the source (right to left in Figure 8a ). Only ions with 0°to 60°p itch angles at Cluster are included in this plot, though plots for the other pitch angles are similar. Isolated peaks indicate that the beamlet ions crossed the current sheet at the same time.
[24] The spatial overlap of beamlets A1 -A3 seen in Figure 7 is also apparent in the temporal spread of crossings during the first $5 min of Figure 8a , from 0032 to 0037 UT. Soon after, at 0038:30 UT, A3 (green curve) is a wellformed beamlet (the ions in the beamlet are bunched and are crossing the current sheet at about the same time) that bounces three additional times, at $0041 UT, 0045 UT, and 0047:30 UT, before observation at $0048-0049 UT. The A2 ions (red curve) emerge as a distinct beamlet at 0043:30 UT and execute one additional bounce, at 0046 UT, before detection. The only isolated peak for the A1 ions (black curve) is their final current sheet encounter at 0044 UT. Prior to the first isolated peak, the particles from the A1, A2, and A3 beamlets exhibit less well-defined peaks that rise out of a significant background of particles. Figure 8a shows that beamlet A3 organizes into a distinct structure first, at 0038 UT, followed by beamlet A2 (0043:30 UT), and finally, beamlet A1 (0044 UT).
[25] The two interactions of beamlet A4 (cyan curve), occurring at 0050:30 UT and at 0047 UT, are also clearly seen in Figure 8 . Unlike beamlets A1-A3, the A4 beamlet does not originate from a region spread in space and time. The differences in the interactions of this beamlet with the current sheet illustrated in the fourth panel of Figure 7 and Figure 8a , as well as the change in magnetic topology apparent in Figure 6 , indicate that the A4 particles originate from a different source.
[26] Figure 8b examines the spatial evolution of beamlet particles. The vertical axis once again represents the total number of current sheet crossings for individual beamlets, but at a given x, normalized to the total number of particles in each beamlet. The bin size in x is 0.25 R E . The color coding of Figure 8b is identical to that of Figure 8a . Although Figure 8b is similar in content to Figure 7 , the organization of crossings by x can help identify the collective behavior of the ions. The region À15 R E < x < À10 R E indicates the location of the last crossing of beamlet ions before detection by Cluster. Figure 8b clearly shows two regions in x, one occurring at À16 R E < x < À13 R E , and another at À20 R E < x < À17 R E , where the number of current sheet crossings of beamlets A1 -A3 show simultaneous peaks. In fact, the peaks occurring at À20 R E < x < À17 R E are the same crossings that occur at $0040 UT Figure 8 . (a) Time history of current sheet crossings of SC1 A1 -A4 ions, normalized to the total number of ions launched in each beamlet. The bin size in time is 15 s. The black curve corresponds to A1, the red curve corresponds to A2, the green curve corresponds to A3, and the cyan curve corresponds to A4. This color coding is used throughout the paper. (b) Distribution of SC1 A1 -A4 ion current sheet crossings as a function of x, with bin size of 0.25 R E . The color coding is the same as Figure 8a . (Figure 8a ), indicating that the beamlet ions in A1 -A3 cross the same region of the current sheet at the same time early in their histories. This could indicate that the region À20 R E < x < À17 R E is a location of ''resonance'' where ions experience nonadiabatic acceleration and organize into beamlets.
[27] We calculated the value of k along all particle trajectories and used the distribution of k values to determine whether or not the particles shown in Figure 6 are representative of each beamlet. Figure 9 shows a histogram of minimum k along the ion's backward trajectory. The minimum value of k was used as an indicator of whether or not the ion motion had been nonadiabatic at any time in its journey from the current sheet to the Cluster location where the ion was observed. Almost all of the trajectories of ions comprising beamlets A1 and A2 had been nonadiabatic at some time in their past history; in fact the distribution peaks at k < 0.5 for both beamlets. The majority of the ions from beamlet A3 had also been nonadiabatic; most had 1.5 < k < 2.5 and may have been not only nonadiabatic but even chaotic. On the other hand, the ions in beamlet A4 had 2 < k < 3 and therefore were positioned in the transition region between chaotic behavior and adiabaticity. Having ascertained from the minimum value of k that most of the ions from the different structures had been nonadiabatic at some point during their journey, we proceeded to study the time evolution of the k parameters. Figure 10 plots the number of ions, normalized for each beamlet, versus k for three different x domains. In contrast to Figure 9 , the k values plotted in Figure 10 represent the instantaneous k at each current sheet crossing. Since ions from each beamlet cross the current sheet more than once in each of these spatial domains, the number of crossings that have a given k value, divided by the number of ions launched in each beamlet, can in fact exceed 100%. Figures 10a -10c are arranged so that x increases Earthward from top to bottom. Figure 10a (x < À20 R E ), sampling the beamlet source region, shows that the distributions of ions forming beamlets A1 and A2 have peak k $ 0.5, whereas ions comprising the A3 beamlet have slightly higher k values. Here, since k < 1 for A1 and A2, the invariant of motion I z [Sonnerup, 1971] is approximately conserved and organizes the motion. The ions in beamlet A3 are less well organized than those in beamlets Figure 9 . Histogram of the minimum k value for SC1 ions in the backward trajectory calculations. The curves are normalized to the total number of ions launched for each beamlet. The color coding is the same as that for Figure 8 . Figure 10 . Histograms of k for current sheet crossings in three x domains during the backward trajectory calculation: (a) x < À20 R E , (b) À20 R E < x < À16 R E , and (c) x > À16 R E . Only SC1 structures A1-A3 are shown, with the same color coding as Figure 8 . A1 and A2. This is a consequence of the existence of chaotic scattering over part of their trajectories. As the beamlets approach Earth, the peak k values drift higher for all three beamlets. Thus, in the region À20 R E < x < À16 R E , beamlet A1 ions peak at k $ 1, beamlet A2 ions peak at k $ 1.4, but are much more spread in k, and beamlet A3 ions generally have k > 1.5 (Figure 10b) . Finally, for x > À16 R E , where ions destined for Cluster cross the current sheet for the last time, beamlet A1 and A2 ions have k $ 1.5, and beamlet A3 ions have k > 2. The difference in k values between the source region and the last crossing of the current sheet again illustrates the importance of studying the full past history of the particles when trying to explain instantaneous observations. The results shown in Figure 10 are consistent with those reported by Huang and Frank [1994] indicating that the fully nonadiabatic regime of the magnetotail occurs at x < À22 R E .
Relationship Between Cluster 1 and Cluster 3 Observations
[28] The Cluster mission allows a multipoint approach to the problem of beamlet structure. We used additional data from Cluster 3 to carry out a similar investigation of the source of the VDIS. The earlier interpretation [Keiling et al., 2004b; Sauvaud and Kovrazhkin, 2004] was that each beamlet structure is produced by sporadic injection, lasting only 1 -3 min, from a certain spatial location downstream in the tail, and that SC1 and SC3 observed different structures, produced by different sporadic injections. Our interpretation discussed below favors a spatial localization of beamlets with a dominant dispersion produced by velocity filter effects, not time of flight effects. In our interpretation the particles observed by SC1 and SC3 have a common source downstream in the tail. Because the magnetosphere in the time interval under investigation is very dynamic, the presumed source location should not be static; rather it should move in the 1-2 min separating the observations by SC1 and SC3 according to the large-scale plasma dynamics imposed by magnetospheric convection. Our combined approach is exactly the one required to tackle this problem.
[29] Our analysis of the SC3 observations is similar to that for Cluster 1. Keiling et al. [2004a] indicate that the first beamlet (A1) extends roughly from 0046 to 0049 UT, while beamlet 2 (A2) extends from 0049 to 0050 UT (see Figure 4 ). Beamlet 3 (A3), not as clear as the previous two beamlets, is observed around 0052 UT. As done before, we followed the trajectories of the VDIS ions backward in time, selecting the time interval between 0046 and 0053 UT, and only including the primary (A) structure in our calculation. The results are plotted in Figure 11 and can be compared to those obtained for SC1 (Figure 7) . The current sheet crossings for SC3 are plotted for the three structures A1, A2, and A3. The last two crossings before detection are well defined for SC3, just as they were for SC1. The earlier crossings overlap and occur earthward of the dawnside neutral line, at x % À30 R E . As before the overlapping of particles covering a larger spatial region can be explained by the nonadiabatic behavior of the particles. It is interesting to note that the shape of the source region for SC3 beyond 20 R E is different from that of SC1 (Figure 7) , and stretches downtail instead of curving toward midnight. This will be discussed below. Figure 12 illustrates the nonadiabatic properties of these structures by showing histograms of the minimum k along the ions' backward trajectory, in a similar format to Figure 9 . The ions comprising beamlet A1 (black curve) appear to originate from two populations, one nonadiabatic, and a second that is in transition from chaotic to regular. The distribution of k in beamlet A2 (red curve) peaks at 2 < k < 2.5, but has a tail at lower (nonadiabatic) k values. The distribution of k from structure A3 (green curve) is similar to that of structure A2, but peaks at k $ 2.5. In general, all three structures observed by SC3 correspond to higher k values (less nonadiabatic) than the corresponding structures observed on SC1. This is presumably caused by Figure 11 . First five current sheet crossings of all ions traced backward from the SC3 A1 -A3 structures, with a similar format and color coding as Figure 7. the dipolarization of the magnetotail that occurs just before the SC3 observations, as evidenced by our MHD simulations.
[30] So far we have been able to determine from two separate particle simulations the origin of the ions that form the beamlet substructures observed by SC1 and SC3. Next we want to determine if these ion populations observed by both spacecraft have a common origin and if they are produced by the same mechanism. Figures 13a and 13c show all the equatorial crossings of beamlets A1 and A2 (Figure 13a ) and A3 (Figure 13c ) detected by SC1, as black dots superimposed on color-coded contours of B z in the equatorial plane. Similarly, Figures 13b and 13d correspond to A1 -A3 ion beamlets detected by SC3. The snapshots of B z in Figures 13a-13d were selected to correspond to the time when particles from these structures are close to the x line. The color coding of B z is such that regions of B z = 0, which indicate the location of the x line, are shown in black, and regions of B z < 0 (B z > 0) are indicated by warm (cold) colors. During this time interval, the x line in the MHD simulation has a very complicated shape. The x line is located at x $ À20 R E at y = À10 R E on the dawn side, and stretches downtail from this location. Figures 13a -13d show that the ions comprising beamlets A1 through A3 originate in a region of low B z just earthward and duskward of the x line and are collimated by steep gradients in B z between x $ À20 to À25 R E . This collimation may be the result of launching ions backward from only one latitude-MLT location (the location of Cluster spacecraft). In fact, the differences in the magnetic field topologies for the time intervals qualitatively explains the variation between beamlet appearances at SC1 and SC3. This is partially due to the tailward retreat between 0040 and 0042 UT of the x line nearest midnight ( Figure 5 ). Figure 13 also shows that the sources of all structures observed at both spacecraft essentially overlap in space. The region of overlap extends from x $ À15 R E to x $ À 25 R E and y $ À2 R E to y $ À7 R E . The SC1 particles come from slightly dawnward of the SC3 particles.
Fate of the Observed Structures
[31] Previous studies comparing observed VDIS and numerical simulations have been qualitative in nature. Time-independent magnetic field models and relatively simple electric field models were used [Ashour-Abdalla et al., 1992; Bosqued et al., 1993] . This study has used largescale, time-dependent, MHD simulations of an actual event to gain a better understanding of the origin of VDIS and of the magnetotail acceleration processes responsible for their formation. The multipoint observations from the Cluster spacecraft now provide a unique opportunity to go beyond these calculations, and, for the first time, develop a quantitative relationship between the occurrence of the VDIS and the observed secondary structures. Specifically, we wish to ascertain whether these secondary structures are independent injections or ''echoes'' of the original VDIS observed by the Cluster spacecraft. Moreover, since we have shown that the primary structures observed by SC1 and SC3 share a common spatial origin, we can infer whether these primary structures are a mix of the same particle population. We have traced the orbits of the particles in the primary structures measured by SC1 (A1 -A4) and SC3 (A1 -A3) forward in time using the methodology described in section 3.1 to convert observed fluxes to numerical particle distributions. Particles were collected at a spherical ''detector'' placed at r = 4.5 R E (the average location of SC1 during this interval). Figure 14 shows the results of these calculations. Figures 14a -14b were adapted from Keiling et al. [2004a] and show spectrograms of the measured upflowing (pitch angles from 0°to 60°) ions from SC1 ( Figure 14a ) and SC3 (Figure 14b ). In contrast to Figure 4 , the observations are now organized by 1/v, where v is the bulk speed of the observed H + ions. The color coding in the figure indicates the differential energy flux. Figures 14c and 14d show the upflowing ions from our simulations, obtained from the r = 4.5 R E spherical detector, in this format. To produce this plot, we collected ions in a region of ±1 hour local time centered on the spacecraft location. Because of this, some of the structures reproduced in Figures 14c and 14d may in fact occur at slightly different local times than those of the Cluster observations, and may not therefore be detectable by Cluster. The structures labeled A1 0 through A4 0 in Figure 14c and A1 0 through A3 0 in Figure 14d are the upflowing portions of the initial ion launches from A1 -A4 and A1 -A3, respectively, and are recorded by our detector (located at r = 4.5 R E ) since the spacecraft is slightly above 4.5 R E for most of this interval. In addition to the initial launches, Figures 14c and 14d also record any ions that return to the spacecraft location. Note that the structures labeled B1 in Figures 14a and 14b , identified by Keiling et al. [2004a] as probable echoes of the A1 structures, were not launched. The first noteworthy result of our simulations is that these structures are conspicuously absent in Figures 14c and 14d . In fact, none of the ions from the A1 -A3 structures detected by the two spacecraft return to the energy-time location delineated by the observed B1 structures. However, two new ion structures can be seen in Figure 14c these ions unambiguously originate from the A1 structure observed by SC1, and return to the spacecraft location 3 min later, much earlier than the time of observation of the B1 structure. This structure is weakly observed by the CIS instrument on SC1. We must note that almost all CIS observations presented by Keiling et al. [2004a] come from SC1 and SC3 1-D distributions integrated onboard; Figures 14a and 14b are in fact reproductions of Keiling et al.'s figures produced in this manner. For these plots, although the time resolution is optimum (4 s), all details related with possible pitch angle anisotropies are lost or embedded in an intense background; these details must be searched for in the 3-D distribution also provided by CIS, at a poorer time resolution. When only the precipitating portion (between 160°and 180°pitch angle) of the full ion distribution is plotted (Figure 15 ), we note that at 0049 UT the ion count rate, $3 -6 counts in the 20-30 keV channel, is clearly significant (above the CIS background noise of $0 counts). The scale on the CIS observations reported by Keiling et al. [2004a] was chosen to bring out the primary and secondary structures. However, our forward calculations have shown that the large structures (primary and secondary) may not be the entire story. The presence of structures with lower flux elsewhere, (noting that the CIS background noise is zero), implies the same thing: that particles from the tail (or the ionosphere) accessed the regions, with less flux than the primary and secondary structures. The structures circled in Figure 15 occur over much longer periods of time than the sampling time of the spacecraft. Also, an examination of RAPID data in Figure 4 shows a structure in the lowest H + ion energy channel ($30-50 keV) at this exact time. It is difficult to associate these structures in the RAPID data with the A2 and A3 structures because of the large gap in energy ($10-15 keV) separating the CIS and RAPID structures. The two structures labeled B2 0 and B3 0 in Figure 14c are in fact weak ''echoes'' of the A2 and A3 structures detected by SC1, and are difficult to discern in the background ion flux measured by SC1/CIS (Figure 14a ). These are the only echoes of A1 -A3 from SC1. In fact, the majority of particles launched forward from structures A1 -A3 on SC1 are scattered when they cross the current sheet. We note that all three ''echoes'' (B 0 structures) occur $3 -5 min after the primary (A) structures, consistent with the bounce time of ions interacting with the current sheet at x $ À10 R E À À15 R E . This is significantly shorter than the 7-8 min separating A1 and A2 from B1 and B2 in SC1 observations.
[32] The simulated structure labeled B4 0 in Figure 14c , occurring between 0054 and 0059 UT, resembles the first portion of structure B2 observed by SC1. 74% of the ions recorded in this structure come from the A4 structure, and return to the spacecraft after one bounce. Recall that structure A4 was formed by ions that had only two highkappa interactions with the current sheet. B4 0 is the result of the subsequent interactions of A4 ions with the current sheet. The portion of B4 0 occurring after 0056 UT, which was not observed by SC1, is discussed below.
[33] Figure 14d shows the simulation results for SC3. Again, the A1 0 -A3 0 structures are a result of the location of our spherical detector and only record the initial launch of ions. As noted above, launching the A1 -A3 particles forward in time does not produce the structure labeled B1 in Figure 14d . However, our simulations did reproduce several subsequent structures. The simulated structure labeled B2 0 in Figure 14d , approximately coincident with the observed B2 structure in Figure 14b , results from the return of A2 particles ($80%) and A3 particles ($20%) to the spacecraft location. Thus B2 0 is in fact an ''echo'' of the A2 structure and represents the subset of A2 ions that gain little or no energy during their current sheet interaction. We note that unlike the static magnetosphere with a constant dawn-dusk electric field, the electric fields in the MHD magnetosphere can be very complicated, and an interaction with the current sheet does not guarantee a significant energy gain. In fact, depending on the magnetic and electric fields, particles can either gain or lose energy on a given interaction. The simple cross-tail electric field is only correct in some average sense. In our simulations, the B2 0 structure extends from 0054 to 0058 UT, starting approximately 5 min after the observation of A2 by SC3. Ions from A2 dominate the first part of this structure. However, with increasing time, the contribution of A3 increases, so that at 0057 UT it is approximately equal to that of A2. More importantly, the extended B2 0 structure has the same slope and temporal extent as a line connecting the B1-B2-B3 structures observed by SC3 (Figure 14b ). This indicates that the three main factors that shape the slope seen in Figures 14b  and 14d , namely the energy of the ions, the travel time of ions during one bounce and the length of the magnetic field lines the particles are on, are well reproduced by the MHD simulation. This bounce time ($5 min) is consistent with the timing of the echoes produced in our calculations of SC1 beamlets. B2 0 particles subsequently ''echo'' to produce the C2 0 structure seen at 0059 UT (coinciding with the lowerenergy portion of C1 in Figure 14b by Keiling et al. [2004a] , and interpreted as an echo of A1 and B1).
[34] During the entire time interval, SC1 and SC3 are in close proximity, separated in space by only 800 km, and in time by approximately 2 min. When mapped into the ionosphere this separation is only $0.6°ILAT. The source of the VDIS observed during this day must be operational for a longer period of time than this, and SC1 and SC3 VDIS originate from approximately the same location in the tail (Figure 13) . Moreover, the times of observation of the VDIS and secondary structures by the two spacecraft overlap. Because of this, we investigated whether ions observed by one spacecraft could possibly be seen by the other. We note that one significant difference between the A structures detected by the two spacecraft is the absence of clear gaps between the A1 -A3 structures detected by SC3. Tracing SC1 ions forward in time, we found that approximately 10% of ions from A1 and A2 have interacted with the current sheet and returned to the SC3 location by the time of the initial VDIS observation by SC3. This ''contamination'' of the VDIS observations may help explain the absence of clear gaps in SC3 observations. We also note the similarity between the B4 0 structure seen by SC1 (Figure 14c ) and the extended B2 0 structure by SC3 (Figure 14d ). To produce the results depicted in Figures 14c and 14d , we launched the SC1 and SC3 ions forward in time, and presented the results separately. Combining these runs would produce a robust structure extending from 0054 to 0059 UT. The beginning of this structure would coincide with B2 in the SC1 observations (Figure 14a) , and the structure would be similar in shape and extent to B2 and B3 from SC3 measurements (Figure 14b ). It is possible that SC1 and SC3 are in fact observing different facets of this same structure. SC1 observes only the high-energy (low 1/v) portion of this structure before entering into the central plasma sheet at $0055:30 UT. SC3, on the other hand, remains in the PSBL and observes this structure for a longer period of time, extending to lower energies (higher 1/v values).
[35] Our trajectory calculations showed that the source region was operating throughout the entire interval of observations At the same time, Figure 14 hinted that SC1 and SC3 were perhaps observing the same structure. We therefore proceed on the assumption that the Cluster spacecraft are flying through the same persistent VDIS structure. To test this hypothesis, we organize the spacecraft observations by invariant latitude rather than by time and add observations from Cluster 4 (SC4). This is done in Figure 16 , where the downgoing ions (pitch angles 120°-180°) for all three spacecraft (SC1-SC3-SC4) are shown. The dashed lines indicate the initial (poleward) latitude of the A and B structures. Organized in this manner, the three primary structures line up (left-hand dashed lines in Figure 16 ), especially when the poleward expansion of the magnetic field lines (and associated tailward motion of the x line) from 0044 to 0046 UT is taken into account. This indicates that all three spacecraft in fact cross the same structure at nearly the same latitude (not the same time). The dotted line in the top panel (SC1) indicates the latitude of the B1 0 structure, the echo of the A1 structure produced in our forward tracing calculations (Figure 14c ). We note that this location lines up with the latitude of the B structures observed by SC3 and SC4 (right-hand dashed lines in Figures 16, middle, and 16, bottom) . Figure 16 strongly suggests that the three primary structures observed by SC1, SC3, and SC4 are in fact the same structure that persists throughout the interval of observation. Moreover, the B structures observed by SC3 and SC4 are observations of the echo of this primary structure. Finally, the B1 structure observed by SC1 is an independent structure, separated both in time and in latitude from the A structure as well as the echo (B structure).
Summary and Conclusions
[36] This paper has presented a detailed analysis of multiple spacecraft observations of VDIS in the PSBL at $5 R E altitude on 14 February 2001, during the recovery phase of a highly disturbed period (AE $ 350 nT), by using a combination of ion observations from spacecraft (Cluster 1 and 3) and MHD and LSK simulations. Below we summarize our findings.
[37] 1. The A1 -A3 structures observed on SC1 are formed by the multiple nonadiabatic interactions of H + ions with the tail current sheet just earthward of the x line (x $ À30 R E ).
[38] 2. Beamlets A1 -A3 detected by SC1 originate from the same region in the plasma sheet, characterized by weak and twisted magnetic fields earthward of the x line. This region, resembling a flow channel, starts near midnight at x < À30 R E , extends toward the Earth and dawn, and ends at x $ À15 R E and y $ À8 R E .
[39] 3. Ions composing the structure A4 detected by SC1 only interact with the tail current sheet twice, and both interactions are characterized by k > 3 (adiabatic). This structure does not originate from the same spatially spread region as beamlets A1 -A3. Instead, A4 particles originate from open, flux-rope-type field lines.
[40] 4. SC3 structures are composed of ions with higher k values during current sheet crossings, partly because of the Figure 14c ), and do not produce the intense secondary structure B1 observed by SC1. Structure B1 0 , seen in our simulations at 0049 UT, resembles a weak structure at the highest energies of CIS (unlabeled in Figure 14a ) and is also evident at $30-50 keV by the RAPID instrument during that time. On the other hand, the observed structure B2 is produced primarily by ions from A4 which return to the spacecraft after completing one full bounce (labeled B4 0 in Figure 14c ).
[42] 6. ''Echoes'' of the primary A structures are much more apparent in SC3 observations and calculations, where ions from the A2 and A3 structure combine to produce the extended structure B2 -B3 in Cluster observations. Once again, structure B1 is not produced by the ions measured in the primary (A) structure.
[43] 7. Some ions first observed by SC1 subsequently interact with the current sheet and are then observed by SC3 at a later time. This mixing of particles between spacecraft, as well as the addition of ions from other sources, can account for the lack of clear structuring in SC3 observations by filling in the gaps seen in the SC1 observations. Furthermore, some SC1 ions interact with the current sheet and arrive at the SC3 location at the time SC3 observes secondary structures (''echoes''). This implies that echoes are complicated structures that can result from the mixing of primary ions originating from several beamlets observed on both spacecraft.
[44] Our simulations, although only devoted to the detailed study of a single case, can nevertheless illuminate the nature of transport and acceleration in the near-Earth magnetotail. First, we found the beamlet source region to be in the equatorial tail current sheet. This beamlet generation domain was located just earthward of the x line in a region of weak entangled magnetic fields, which we named the ''stochastic sea'' because ions traversing the region had complicated meandering trajectories. This is the region where particles interact with the current sheet and are nonadiabatically accelerated. Nonadiabatic acceleration collimates the particles into beamlets by the time they exit this region. Actually, all primary ion beamlets observed by both spacecraft, and even some structures erroneously interpreted as echoes, emerged from this region. This beamlet generation region moved quickly in response to large-scale changes in the magnetospheric configuration. We were able to identify this motion as large-scale convection driven by changes in the IMF.
[45] Second, we also were able to reproduce the further time history of the particle bunches and prove that, once formed, they could maintain at least part of their identity for a while and produce multiple secondary structures.
[46] Our results are surprising because a significant part of the near-Earth tail ion population fell in a region of appreciable deterministic scattering. That the beamlets were coherent structures for at least two or three current sheet interactions before arriving at the spacecraft, rather than being formed during the last current sheet interaction, or in flight after this interaction, is also significant. The beamlets retained their organization over the entire energy range studied, from a few keV up to 30-50 keV.
[47] The multispacecraft Cluster observations on 14 February 2001 present a complicated picture of ion acceleration producing and preserving well-defined dispersed structures which are finally observed for $8 min (from $0045 until $0053 UT) by all three Cluster spacecraft at relatively low altitude ($5 R E ). These structures are observed from $0045 until $0053 UT. Given the persistence of these structures during this time, the question is whether this dispersion is caused by time of flight effects (as suggested by Keiling et al. [2004b] and Sauvaud and Kovrazhkin [2004] ) or by subsequent entrances of the Cluster spacecraft into a set of preexisting and robust plasma structures with internal spatial dispersions?
[48] Careful analysis of the data from SC1 and SC3 CIS data casts doubt on the multiple source time of flight dispersion explanation schematically shown by Keiling et al. [2004b] and Sauvaud and Kovrazhkin [2004] . It is difficult to reconcile that the operations of multiple noncorrelated sources are orchestrated so luckily that VDIS fragments observed at both spacecraft resemble each other so much, especially since the time of flight model presumes that various sources are emitting bunches of particles instantaneously at different energies which then reach the observation point with time of flight delays.
[49] The lifetime of these instantaneous sources should therefore be at least larger than the time separation between both Cluster spacecraft, and this naturally motivates our view that these sources existed for some time before observation and probably will operate for a time after the Cluster spacecraft observations; their characteristic life time should be at least 7 -10 min. This is long enough for the transient time of flight effects to cease, such that the observed dispersion can only be attributed to the intrinsic spatial dispersion of the observed structures.
[50] Aside from these time sequence arguments, our ion trajectory analysis also contradicts the time-of-flight explanation for these structures. Our backward tracing calculations, carried out in the complicated MHD fields for this event, bring ions from all structures to the same region in the vicinity of the x line, a region we labeled a ''stochastic sea.'' Of course, a more straightforward way of ''tracing'' particles from these structures to the ''last'' crossing of the current sheet before observation would result in a number of current sheet locations from which these ions reached the spacecraft. However, as seen in our calculations, these locations are not the actual sources of accelerated ions.
[51] Figure 17a , from Ashour-Abdalla et al. [1995] , schematically shows the locations of resonance regions, where ions are accelerated (marked with X 1 À X 7 ), and the maximum trapping regions (marked with X 2 * À X 6 *) obtained for a two-dimensional reduction of the Tsyganenko [1989] magnetic field model. Ashour-Abdalla et al. [1995] showed that each resonance region was responsible for the formation of a beamlet (marked with B1 -B7) observed in the VDIS; at higher energies, several resonances could contribute to the same beamlet because of their close proximity. Despite the simplicity of the static two-dimensional model depicted in Figure 17a it clearly demonstrated how the fine peculiarities of chaotic scattering result in macroscopic effects, namely the fragmentation of VDIS into beamlets. This result is in qualitative agreement with the observations discussed in this paper. However, the observations on 14 February 2001 occurred during a particularly active period, when the magnetosphere was in a constant state of flux. Our MHD simulations in fact show that the equatorial mapping of the PSBL field lines sampled by SC1 and SC3 changed significantly in the 2 min separating the spacecraft observations. The two-dimensional picture of resonances and trapping regions should therefore be modified to account for the three-dimensional time-varying magnetosphere. Figure  17b schematically shows a snapshot of the ''stochastic sea,'' the weak field region just earthward of the x line. This region can produce ''resonant'' islands in this ''sea.'' At these sites, irregularly spread both in the x and y directions, coherent bunches of accelerated particles will experience small scattering while interacting with the current sheet and meandering earthward to the observation site. The variability of the locations of the resonant regions could account for the irregular patterns seen in the 14 February 2001, VDIS observations.
[52] Additional Cluster observations of VDIS events need to be carried out in order to answer the remaining questions of VDIS acceleration and transport in the magnetotail One such question is the cause of the different energy-time slopes of the beamlets compared to the overall slope of the VDIS. Keiling et al. [2004b] and Sauvaud and Kovrazhkin [2004] have shown that poleward crossings of the PSBL by Cluster yield reverse dispersions for the beamlet structures embedded in the VDIS. This phenomenon is the subject of a forthcoming study.
